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It is found that nonlinear interaction of plasma wakefields driven by counterpropagating laser
or particle beams can efficiently generate high-power electromagnetic radiation at the second har-
monic of the plasma frequency. Using a simple analytical theory and particle-in-cell simulations, we
show that this phenomenon can be attractive for producing high-field (∼ 10 MV/cm) narrowband
terahertz pulses with the gigawatt power level and millijoule energy content.
PACS numbers: 52.35.Qz, 52.40.Mj, 52.35.-g
The terahertz radiation (0.1− 30 THz) is now of great
importance due to its numerous applications in science
and technology. High-power sources in this frequency
range open up novel opportunities in controlling molec-
ular rotations, lattice vibrations and spin waves in mat-
ter [1]. Tremendous progress has been recently demon-
strated in generating high-field (10−100 MV/cm) single-
cycle terahertz pulses by using very different schemes
such as difference frequency generation with two distinct
lasers [2], optical rectification of single femtosecond laser
pulses in nonlinear crystals [3, 4], transition radiation
of high-energy electron beams [5, 6], irradiation of solid
targets by relativistic intense lasers [7, 8], two-color laser
interaction with gaseous [9, 10] and clustered [11] plas-
mas.
Narrowband terahertz sources are also of great inter-
est with regard to the resonant control and manipulation
of matter, but generation of multi-cycle terahertz pulses
with even moderate fields (1 MV/cm) and mJ energies
still remains a challenging problem. Today, the most
intense (∼ 1 MW, tens of 𝜇J) pulses of this radiation
are produced by large-scale accelerator facilities such as
free electron lasers [12–14]. Table-top generation schemes
providing 𝜇J pulses with narrow linewidths (2− 3%) are
based on optical rectification of a temporally modulated
chirped pump laser in an organic crystal [15] or in a
periodically poled lithium niobate [16]. Plasma is also
considered as a promising nonlinear medium for generat-
ing high-power multi-cycle terahertz pulses. It supports
long-lived oscillations with extremely large electric fields
and allows to tune the radiation frequency by a simple
change of plasma density.
It has been recently proposed a number of generat-
ing schemes utilizing conversion of plasma oscillations to
the terahertz electromagnetic (EM) waves. In particu-
lar, plasma waves driven by laser or particle beams can
produce radiation due to the linear mode conversion in
a macroscopically inhomogeneous plasma [17] or via the
antenna mechanism in a thin plasma with a small-scale
longitudinal density modulation [18–20]. Plasma wake-
fields can also generate EM waves in external magnetic
fields imposed along [21] or across [22–24] the plasma col-
umn. In these schemes, however, plasma inhomogeneties
widen the frequency spectrum of emitted radiation, and
the magnetic field required for the upper frequency part
of the terahertz range becomes too strong to be easily
implemented in experiments. In this Letter we propose
to generate high-field narrowband terahertz radiation by
counterpropagating plasma wakes excited in a uniform
plasma by short laser drivers. Such a scheme can gener-
ate GW, mJ multi-cycle terahertz pulses with the energy
conversion efficiency higher than 10−4.
Let us first study the mechanism of EM radiation
produced by counterpropagating plasma wakes indepen-
dently on the driver nature. This mechanism is similar
to that recently discussed in Ref. [20]. Nonlinear inter-
action of two potential plasma waves oscillating with the
plasma frequency and opposite longitudinal wavenum-
bers ( (𝜔𝑝, 𝑘1) and (𝜔𝑝,−𝑘2)) can generate the super-
luminal wave of electric current (2𝜔𝑝, 𝑘1 − 𝑘2) which, in
the bounded plasma, can pump vacuum EM waves. If
these plasma wakefields are excited by relativistic drivers
with the velocity 𝑣𝑑 ≈ 𝑐, the longitudinal wavenumber of
the generating current is canceled and the generated EM
waves escape transversely from the plasma channel. To
calculate the radiation power from this finite-size plasma
channel, we will follow the formalism described in Ref.
[25]. First, we will solve the problem in which ampli-
tudes of plasma wakes are assumed uniform along the
channel and then will generalize the results to the case
of a real laser filament with the slowly varying transverse
structure.
In a plane plasma slab (Fig. 1a), superposition of
wakefields traveling in opposite directions along the co-
ordinate 𝑥,
𝐸𝑥 =
1
2
[︀(︀
𝐸1(𝑦)𝑒
𝑖𝑘𝑥 + 𝐸2(𝑦)𝑒
−𝑖𝑘𝑥)︀ 𝑒−𝑖𝜔𝑝𝑡 + 𝑐.𝑐.]︀ , (1)
𝐸𝑦 =
1
2
[︂
− 𝑖
𝑘
(︀
𝐸′1𝑒
𝑖𝑘𝑥 − 𝐸′2𝑒−𝑖𝑘𝑥
)︀
𝑒−𝑖𝜔𝑝𝑡 + 𝑐.𝑐.
]︂
, (2)
generates the nonlinear electric current,
𝛿𝑗𝑥 = 𝑗0(𝑦)𝑒
−𝑖2𝜔𝑝𝑡 + 𝑐.𝑐., (3)
which oscillates with the doubled plasma frequency and
does not depend on the longitudinal coordinate (here,
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Figure 1. Geometry of the problem (a). Two generating schemes with counterpropagating lasers: varying transverse sizes of
laser beams (b, c); longitudinal profiles of the THz field ℰ0(𝑥) (d,e) for the optimal parameters at the radiation frequency
𝜈 = 31 THz.
the prime denotes the derivative with respect to 𝑦, 𝑘 =
𝜔𝑝/𝑣𝑑, 𝜔𝑝 = (4𝜋𝑒
2𝑛0/𝑚𝑒)
1/2 is the plasma frequency,
𝑛0 is the unperturbed plasma density, 𝑒 and 𝑚𝑒 are the
charge and mass of an electron). In dimensionless units,
when spatial sizes are measured in 𝑐/𝜔𝑝, wavenumbers in
𝜔𝑝/𝑐 and electric fields in𝑚𝑒𝑐𝜔𝑝/𝑒, the current amplitude
can be written in the form
𝒥 = 𝑗0
𝑒𝑛0𝑐
=
1
4
(𝐸1𝐸
′′
2 − 𝐸2𝐸′′1 ) , (4)
where we neglect the difference between the driver veloc-
ity 𝑣𝑑 and the speed of light 𝑐 and put 𝑘 = 1. It is seen
that this current density does not vanish and can produce
transversely propagating EM radiation if the transverse
structure of the first plasma wave differs from the similar
structure of the second wave (𝐸1(𝑦) ̸= 𝐸2(𝑦)). Inside
the plasma, the radiation field, 𝐸𝑥 = ℰ(𝑦)𝑒−𝑖2𝜔𝑝𝑡 + 𝑐.𝑐.,
generated by this current is polarized along the channel
and its amplitude should satisfy the equation
ℰ ′′ + 4𝜖(2𝜔𝑝)ℰ = −2𝑖𝒥 , (5)
where 𝜖(2𝜔𝑝) = 3/4 is the dielectric permittivity of the
cold plasma. The solution of Eq. (5) can be written in
the form
ℰ =
⎛⎝𝒜− 2𝑖√
3
𝑦∫︁
−𝑙
𝒥 (𝑠) cos(
√
3𝑠)𝑑𝑠
⎞⎠ sin(√3𝑦)
+
⎛⎝ℬ + 2𝑖√
3
𝑦∫︁
−𝑙
𝒥 (𝑠) sin(
√
3𝑠)𝑑𝑠
⎞⎠ cos(√3𝑦). (6)
The constants 𝒜 and ℬ can be found from the boundary
conditions at 𝑦 = ±𝑙 by matching the internal plasma
fields 𝐸𝑥, 𝐵𝑧 with the fields of radiated EM waves in vac-
uum
𝐸𝑥 = 𝒞𝑒𝑖2𝑦−𝑖2𝜔𝑝𝑡 + 𝑐.𝑐., 𝑦 > 𝑙, (7)
𝐸𝑥 = 𝒟𝑒−𝑖2𝑦−𝑖2𝜔𝑝𝑡 + 𝑐.𝑐., 𝑦 < −𝑙. (8)
Thus, we can present the amplitude of radiated wave in
the form
ℰ0 = 2 |𝒟| = 2√︁
cos2(
√
3𝑙) + 3
⃒⃒⃒⃒
⃒⃒
𝑙∫︁
−𝑙
𝒥 (𝑦) cos(
√
3𝑦)𝑑𝑦
⃒⃒⃒⃒
⃒⃒ .
(9)
Taking into account a slow dependence of wakes ampli-
tudes on the longitudinal coordinate and fixing the finite
size 𝜎𝑧 of the plasma channel along the 𝑧-direction, we
obtain the total radiation power:
𝑃
𝑃0
= 𝜎𝑧
∞∫︁
−∞
ℰ20𝑑𝑥, (10)
where 𝑃0 = 𝑚
2
𝑒𝑐
5/(4𝜋𝑒2) ≈ 0.69 GW.
Let us consider the case when counterpropagating
plasma wakes are excited by short 𝑦-polarized laser pulses
with the central frequency 𝜔0 and the envelope:
𝐸𝑦 = 𝐸0𝑠
√︂
𝜎0𝑠
𝜎𝑠(𝑥)
𝑒−𝑦
2/𝜎2𝑠(𝑥) sin2
(︂
𝜋(𝑡± 𝑥)
2𝜏
)︂
. (11)
Here, we take into account the effect of laser diffrac-
tion resulting in spreading of each driver as 𝜎𝑠(𝑥) =
𝜎0𝑠
√︀
1 + 𝑥2/ℛ2𝑠, where ℛ𝑠 = 𝜔0𝜎20𝑠/2 is the Rayleigh
length corresponding to the focal spot size 𝜎0𝑠 (𝑡 is mea-
sured in 𝜔−1𝑝 units). In this plane geometry, we consider
the case of large 𝜎𝑧 (𝜎𝑧 ≫ 𝜎𝑠) which is assumed constant
along the filament. The amplitudes of excited wakefields
should follow the same varying transverse structure that
is determined by the laser-induced ponderomotive force
𝐸𝑠(𝑦) = 𝐸
𝑤
𝑠
(︂
𝜎0𝑠
𝜎𝑠(𝑥)
)︂
𝑒−2𝑦
2/𝜎2𝑠(𝑥), (12)
3where
𝐸𝑤𝑠 =
3
4
𝐸20𝑠
𝜔20
sin 𝜏
(4− 5𝜏2/𝜋2 + 𝜏4/𝜋4) (13)
are the maximal longitudinal electric fields inside the
waists of laser beams. This formula shows that the most
efficient excitation of plasma wakefields is achieved for
some optimal laser duration (𝜏 ∼ 𝜋). Since the created
plasma channel is wider than the wakefield size 𝜎𝑠, the
integration region in (9) can be considered as infinite one.
In this case, the integral (9) can be calculated analyti-
cally and the amplitude of radiated EM wave takes the
form
ℰ0 = 3
2
√︂
𝜋
2
𝐸𝑤1 𝐸
𝑤
2 ℱ𝜎√︁
cos2(
√
3𝑙) + 3
, (14)
ℱ𝜎 =
𝜎01𝜎02
⃒⃒
𝜎22 − 𝜎21
⃒⃒
(𝜎21 + 𝜎
2
2)
3/2
exp
[︂
−3
8
𝜎21𝜎
2
2
𝜎21 + 𝜎
2
2
]︂
. (15)
There are several different ways how to implement this
generating scheme in laboratory experiments. It is pos-
sible to focus counterpropagating laser pulses in a homo-
geneous gas either to the spots with different sizes in a
single 𝑥-point (Fig. 1b) or to the equal spots spaced by
the distance 𝐿 in the longitudinal direction (Fig. 1c).
In the former case, the region of intense radiation is lo-
calized near the single focus, whereas in the latter case
each focus can radiate its own terahertz pulse. For the
plasma density 𝑛0 = 3 · 1018 cm−3 (radiation frequency
𝜈 ≈ 31 THz), a laser pulse with the wavelength 810 nm,
total energy 1.6 J, optimal duration 𝜏 ≈ 31 fs and maxi-
mal strength parameter 𝑎1 = 𝐸01/𝜔0 = 0.7 can drive the
linear plasma wave with the peak amplitude 𝐸𝑤1 ≈ 0.2
inside a rather large plasma volume restricted by the op-
timal spot size 𝜎01 = 1.38 𝑐/𝜔𝑝, 𝜎𝑧 = 417𝑐/𝜔𝑝 (deter-
mined by the total laser pulse energy) and longitudinal
size 6ℛ1 ≈ 136 𝑐/𝜔𝑝. In the first scheme, the highest ra-
diation fields with the amplitude ℰ0 ≈ 13 MV/cm are
achieved, when the counterpropagating laser with the
same energy and same size 𝜎𝑧 is focused to the wider
spot in 𝑦-direction 𝜎02 = 2.3𝜎01. In this case, the total
radiation power reaches 0.56 GW and, by the moment
100 𝜔−1𝑝 ≈ 1 ps, about 0.57 mJ of energy is radiated with
terahertz waves, which corresponds to the energy conver-
sion efficiency 𝜂 = 1.8 · 10−4. In the second scheme, for
the optimal distance between the focal spots 𝐿 = 2.15ℛ1,
the same field ℰ0 ≈ 13 MV/cm is generated in almost
twice larger area, which results in producing two pulses
with the total power 1 GW, total energy 1 mJ and the
efficiency 3.2 · 10−4.
The frequency of emitted radiation can be easily tuned
by the change of plasma density 𝑛0. To obtain the most
efficient laser-to-THz conversion in the second generat-
ing scheme, varying the density, one should also vary the
laser duration (∼ 3/𝜔𝑝), focal spot sizes (𝜎0 ≈ 1.38 𝑐/𝜔𝑝
and 𝜎𝑧 ∝ 𝜏−1𝜎−10 ∝ 𝑛0) and distance 𝐿 ≈ 2.1ℛ ∝ 𝑛−10
between laser beams waists. Varying all these quanti-
ties synchronously for the fixed values of laser pulse en-
ergy 1.6 J and maximal strength parameter 𝑎1 = 0.7
and estimating the duration of THz emission at the level
100 𝜔−1𝑝 , we can predict how the laser-to-THz efficiency,
THz energy, THz power and maximal THz field depend
on the radiation frequency 𝜈 = 𝜔𝑝/𝜋 (black curves in
Fig. 2). In the low frequency region 𝜈 < 5 THz, 𝜎𝑧
Figure 2. Efficiency, energy, power and maximal field of THz
radiation in scheme 2 as functions of radiation frequency.
becomes comparable with the size 𝜎01 and the laser fil-
ament cannot be considered as a plane one for the fixed
laser energy. Figure 2 shows that the proposed generat-
ing scheme is able to produce high-field (> 10 MV/cm)
high-power (∼ 1 GW) terahertz pulses with the conver-
sion efficiency > 2 · 10−4 in the frequency range 𝜈 > 20
THz, and less intensive pulses (∼ 1 MV/cm, < 100 MW,
𝜂 < 1 · 10−4) at low frequencies 5-10 THz. This rapid
decrease of radiation efficiency in rarefied plasmas is ex-
plained by less efficient excitation of plasma wakefields
by laser drivers. It should be also noted that THz ra-
diation lasts much longer than the chosen characteristic
time 100 𝜔−1𝑝 , that is why, in reality, the total energy con-
version efficiency should be higher than that predicted in
Fig. 2. The reason why we consider such a short radi-
ation time is the dissipation of energy concentrated in
4a
b
c
ed
Figure 3. Results of PIC simulations for 𝑛0 = 2.4 · 1018 cm−3. The map of dimensionless longitudinal electric field 𝐸𝑥(𝑥, 𝑦) in
the moment 𝑡 = 76.8𝜔−1𝑝 (a). The longitudinal profile of 𝐸𝑥 along the green dashed line (in MV/cm) and theoretical prediction
for the amplitude ℰ0 (14) (b). The history of THz field 𝐸𝑥(𝑡) in the single point indicated by the green star (c). The frequency
spectrum of THz radiation (d). The laser-to-THz energy conversion efficiency as a function of time (e).
the main harmonics of plasma wakes due to excitation of
non-radiating satellites. Our PIC simulations show that
100 𝜔−1𝑝 is a typical time-scale at which the radiation
power does not change drastically.
Since we do not have enough energy to create a plane
laser filament at low frequencies ≤ 5 THz, let us find
out how radiation characteristics vary with the plasma
density for the circular laser beam (𝐸𝑦 ∝ exp(−𝑟2/𝜎2𝑠)).
If the peak laser strength parameter in the waist is fixed
at the constant level 𝑎1 = 0.7, the focal spot radius 𝜎01 is
completely determined by the laser energy. In cylindrical
geometry, the amplitude of THz electric field achieved at
the plasma boundary (𝑟 = 𝑅) can be written in the form
ℰ0 = 6𝐸
𝑤
1 𝐸
𝑤
2 ℱ𝜎√︁
(𝐽0 + 2
√
3𝑅𝐽1)2 + 16𝑅2𝐽20
, (16)
ℱ𝜎 =
𝜎201𝜎
2
02
⃒⃒
𝜎22 − 𝜎21
⃒⃒
(𝜎21 + 𝜎
2
2)
2
exp
[︂
−3
8
𝜎21𝜎
2
2
𝜎21 + 𝜎
2
2
]︂
, (17)
where 𝐽𝑛 = 𝐽𝑛(
√
3𝑅) are the Bessel functions. The to-
tal radiation power is then determined by the integral
𝑃/𝑃0 = 𝜋𝑅
∫︀ ℰ20𝑑𝑥 over the longitudinal coordinate 𝑥.
Red curves in Fig. 2 show that, for the optimal dis-
tance between the waists 𝐿 ≈ 1.3ℛ1, optimal duration
𝜏 ≈ 3/𝜔𝑝 and for the plasma radius 𝑅 = 2𝜎01, effi-
cient generation of THz radiation in scheme 2 occurs in
a rather narrow frequency region 4 − 7 THz. It is ex-
plained by the existence of the optimal spot size which is
tied to 𝑐/𝜔𝑝. Thus, 1.6 J cylindrical laser beams focused
to the spots with the radius 28 𝜇m at the plasma density
𝑛0 = 10
17 cm−3 can produce 1 mJ, 200 MW terahertz
pulses with the efficiency 3.5 · 10−4. It is interesting to
note that generation of THz radiation can be more effi-
cient for less energetic lasers. Our theory predicts that,
if laser beams with the same energy 15 mJ and duration
35 fs are focused to the circular spots with the diameter
12 𝜇m spaced by 180 𝜇m, radiation efficiency for 27 THz
reaches 0.16%.
In order to confirm that the proposed mechanism of
EM waves generation can provide high-field narrowband
terahertz pulses, we perform 2D3V particle-in-cell simu-
lations. Our simulation box consists of a narrow plasma
slab (2𝑙 = 6 𝑐/𝜔𝑝) surrounded by vacuum gaps and
boundary layers absorbing the radiated EM waves. In
our model, plasma wakefields are excited by the virtual
counterpropagating laser pulses acting on plasma elec-
trons through the ponderomotive force only. Such a sim-
plified approach allows us to use the relatively large spa-
tial and temporal grid steps (Δ𝑥 = 0.01 𝑐/𝜔𝑝 and Δ𝑡 =
0.005 𝜔−1𝑝 ) and relatively small number of macroparticles
(𝑁𝑝 = 3.2·107). To compare with theoretical predictions,
we simulate the scheme 1 in which laser drivers with peak
strengths 𝑎1 = 0.7 and 𝑎2 = 𝑎1
√︀
𝜎01/𝜎02 are focused to
the spots 𝜎01 = 1.38 𝑐/𝜔𝑝 and 𝜎02 = 2.3𝜎01 situated in
the center of the simulation box. Fig. 3a shows that
the nonlinear interaction of laser-driven plasma waves
(𝐸𝑤1 = 0.19 and 𝐸
𝑤
2 = 0.08) does really generate the
5second harmonic EM emission in which the amplitude
of electric field 𝐸𝑥 (measured along the damping layer)
agrees well with the theoretical profile (14) (Fig. 3b).
Some deviation from this profile near the boundaries is
explained by the fact that lasers widths in these regions
slightly exceed the size of the preformed plasma chan-
nel. From Fig. 3c, one can see the history of 𝐸𝑥-field
measured in the single point in vacuum indicated by the
green star. It confirms the multi-cycle nature of radia-
tion which is concentrated inside a narrow spectral line
with the relative width Δ𝜈/𝜈 < 3% (Fig. 3d). Fig. 3c
also demonstrates a slow decrease of the THz amplitude
in time, which becomes more visible in the temporal de-
pendence of the total radiated energy shown in Fig. 3e.
This decrease, compared to the theoretical linear growth,
is caused by the dissipation of energy stored in the domi-
nant wake harmonics. Besides the radiation losses (7%),
these harmonics also transfer the energy to a number of
non-radiating satellites (2𝜔𝑝,±2𝑘) and (0,±2𝑘). In the
absence of counterpropagating waves, the plasma wakes
do not lose their energy during the simulation time.
In conclusion, we propose a new scheme for the gener-
ation of high-field (1− 20 MV/cm) tunable (4− 40 THz)
narrowband (< 3%) THz radiation by counterpropagat-
ing plasma wakefields. Using a simple theory, we calcu-
late the power, total energy and conversion efficiency of
the THz radiation generated by plane and circular joule-
scale femtosecond lasers and confirm these predictions by
PIC simulations. It is shown that this generating scheme
can provide GW, mJ multi-cycle terahertz pulses with
the efficiency > 10−4 (> 10−3 for low-energy lasers),
which opens novel opportunities in selective nonlinear
control of matter and other applications.
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